Background: Biologic disease-modifying antirheumatic drugs, including tumor necrosis factor inhibitors such as etanercept (Enbrel  ), have improved outcomes for patients with rheumatic and other inflammatory diseases, with sustained remission being the optimal goal for patients with rheumatoid arthritis. Flexible and convenient treatment options, compatible with modern lifestyle, are important in helping patients maintain treatment and manage their disease. Etanercept drug product (DP) is available in lyophilized powder (Lyo) for solution injection, prefilled syringe, and prefilled pen presentations and is typically stored under refrigerated conditions. We aimed to generate a comprehensive analytical data package from stability testing of key quality attributes, consistent with regulatory requirements, to determine whether the product profile of etanercept is maintained at ambient temperature. Methods: Test methods assessing key attributes of purity, quality, potency, and safety were performed over time, following storage of etanercept DP presentations under a range of conditions. Results: Results and statistical analysis from stability testing (based on size exclusion highperformance liquid chromatography, hydrophobic interaction chromatography, and sodium dodecyl sulfate-polyacrylamide gel electrophoresis Coomassie) across all etanercept presentations (10 and 25 mg/vial Lyo DP; 25 and 50 mg prefilled syringe DP; 50 mg prefilled pen DP) showed key stability-indicating parameters were within acceptable limits through the alternative storage condition of 25°C±2°C for 1 month. Conclusion: Stability testing performed in line with regulatory requirements supports a single period of storage for etanercept DP at an alternative storage condition of 25°C±2°C for up to 1 month within the approved expiry of the product. This alternative storage condition represents further innovation in the etanercept product lifecycle, providing greater flexibility and enhanced overall convenience for patients. Keywords: etanercept, ambient, storage, temperature, stability Plain language summary Why was the study conducted?
Introduction
Introduction of biologic disease-modifying antirheumatic drugs (DMARDs) for the treatment of autoimmune rheumatic diseases and spondyloarthropathies began with the approval of the tumor necrosis factor (TNF) inhibitor etanercept and has since revolutionized the management of patients with rheumatic diseases. 1 Following its approval in 1998 for the treatment of patients with moderate to severe refractory rheumatoid arthritis (RA), etanercept has been at the forefront of the expansion of therapeutic options available for patients with other inflammatory diseases (psoriatic arthritis, ankylosing spondylitis, plaque psoriasis, 2 nonradiographic axial spondyloarthritis, 3 as well as polyarticular-course juvenile idiopathic arthritis, and the juvenile idiopathic arthritis categories extended oligoarthritis, enthesitis-related arthritis, and psoriatic arthritis). 4 Use of biologic therapy, including TNF inhibitors, has improved outcomes for patients with RA, with sustained remission now considered the optimal treatment goal to prevent joint damage. 1 Therefore, flexible and convenient treatment options that are compatible with modern lifestyle are important aspects in helping patients maintain treatment and manage their disease.
Since the first clinical trials of etanercept in 1993, over 4.5 million patient-years of post-marketing experience has been accumulated, with the safety and efficacy of etanercept being consistent in the treatment of patients across a spectrum of inflammatory diseases. 5 In all of these populations, etanercept (with or without methotrexate) effectively reduced signs and symptoms, disease activity, and disability, and improved health-related quality of life, with these benefits being sustained during long-term treatment. 2 The biochemical and physical structures of recombinant protein biologics are dictated by their primary amino acid sequence and, where present, by posttranslational modifications such as glycosylation. These can have a role in structure, activity, signaling, clearance, and immunogenicity. Etanercept is a technically complex 934-amino acid protein (MW ~150 kDa), which is heavily glycosylated, containing both N-and O-linked oligosaccharides. 6 Extensive characterization of the drug product (DP) is performed using a range of sensitive physical, chemical, and biologic analytical methodologies. 7 Regulation of the manufacture of etanercept and other biologic drugs is governed by a requirement to perform robust analytical and stability testing to ensure quality is maintained. 8 Protein instability can stem from degradation, due to fragmentation of the peptide backbone or hydrolysis of amino acid side chain amides (Asn and Gln residues), oxidation (of Met, His, Cys, Tyr, and Trp residues), denaturation (loss of 3D structure), or aggregation (covalent or noncovalent association of monomers or native multimers). 9 Moreover, increases in physical and chemical degradation can occur during long-term storage. 10 Specific guidance is provided on the stability testing of biologic products, 11 particularly since these are sensitive to environmental factors such as temperature, oxidation, light, ionic content, or shear, and stringent conditions for storage are usually required. The International Conference on Harmonization Q5C provides guidance to applicants regarding the type of stability studies to be provided in support of marketing authorization applications and amendments for biologic medicinal products.
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As originally manufactured, etanercept DP was provided as a 25 mg/vial lyophilized powder (Lyo), requiring reconstitution prior to administration by subcutaneous injection. Etanercept 25 and 50 mg prefilled syringe (PFS) DP and 50 mg prefilled pen (PFP) presentations were subsequently added to enhance patient convenience. 6 An etanercept 10 mg/ vial Lyo DP presentation was introduced for use in pediatric populations. 6 The long-term recommended storage conditions for all etanercept DP configurations marketed in the European Union is 5°C±3°C. Here we describe the comprehensive analytical data package obtained from stability testing of key product quality attributes, performed in line with regulatory requirements, to support an alternative short-term storage condition for etanercept at 25°C±2°C, to supplement the long-term storage.
Methods
Stability studies were conducted on multiple batches manufactured at three commercial manufacturing sites. 
Assays
The stability assays used to assess the key attributes of purity, quality, potency, and safety are summarized in Table 1 . Size exclusion high-performance liquid chromatography (SE-HPLC), hydrophobic interaction chromatography (HIC), and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) Coomassie were used as the key quantitative stability-indicating assays.
Size exclusion high-performance liquid chromatography SE-HPLC is performed to assess the purity of etanercept by separation of the high-molecular-weight component (HMWC) from homogenous dimeric etanercept and lowmolecular-weight component (LMWC; clipped species) based on molecular size, and resolves etanercept into two principal peaks: Peak B=HMWC (aggregation); Peak A+A′=etanercept dimer (desired active product)+LMWC.
Results are expressed as relative percent peak area. Each sample (14 µL; 2.5 mg/mL) was injected onto an analytical HPLC column (8×300 mm) containing hydrophilic silica gel (5 µm with a pore size of 30 nm and of a grade suitable for fractionation of globular proteins in the relative molecular mass range of 10,000-1,000,000) at 25°C. 
Hydrophobic interaction chromatography
HIC is performed to assess the purity of etanercept and the related product species present. The method is used to resolve etanercept into three variants that differ in biologic activity: Peak 1 is predominantly clipped species (fragmentation); Peak 2 is homogenous etanercept (desired active product); and Peak 3 consists of misfolded species, aggregates, etanercept fragments, and other process-related impurities. Results are expressed as relative percent peak area.
Each sample (5 µL; 2 mg/mL) was injected onto a TSK-GEL Butyl-NPR (2.5 µm; Tosoh) analytical column (4.6×350 mm) at 35°C, connected to an HPLC system. Product-related impurities were separated by gradient elution using mobile At the time of this analysis, the A375 cell-based assay (specification limit 0.8-2.9×10 6 U/mg) was used for assessment of potency of etanercept 10 mg/vial (n=3 batches) and 25 mg/vial Lyo DP (n=5 batches), at the alternative storage condition of 25°C±2°C through to 24 months. The A375 assay has since been replaced by the U937 cell-based apoptosis bioassay. Abbreviations: DP, drug product; PFS, prefilled syringe; PFP, prefilled pen; Lyo, lyophilized powder; SE-HPLC, size exclusion high-performance liquid chromatography; HIC, hydrophobic interaction chromatography; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; HMW, high molecular weight; LMW, low molecular weight; UV, ultraviolet; N/A, not applicable. 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Coomassie)
Etanercept was analyzed for impurities by SDS-PAGE under reducing conditions and stained with a Coomassie stain. This procedure was used to separate proteins based primarily on their molecular weights (MWs). SDS binds along the polypeptide chain and the charge of the reduced SDS protein complex is proportional to its MW. The distance migrated on the gel is inversely proportional to the sample MWs. Samples were initially diluted in water or formulation buffer, following which they were diluted in reducing sample buffer containing 1,4-dithiothreitol and heated at 95°C±5°C for 5 min. Twenty micrograms of each sample was loaded onto a precast 8%-16% Tris-glycine gel. A MW ladder was also loaded onto the gel to determine the apparent MW of each sample fragment. The proteins were separated by electrophoresis and the gel was stained with 0.25% w/v Coomassie R-250, destained to clarity, and scanned.
The results are reported as % HMW (MW >76 kDa; aggregation; denaturation), % main band (MW ~76 kDa; indicator of desired active product), and % LMW (MW <76 kDa; fragmentation). Sample banding profiles are compared with the reference standard banding profile.
Cell-based bioassay
Neutralization of TNFα-mediated apoptosis in U937 cells The potency of etanercept samples was quantified by measurement of their ability to neutralize TNFα-mediated apoptosis in histiocytic lymphoma cell-line U937 (ATCC No. CRL-1593.2) via caspase activation. The U937 cells were incubated at 36.0°C-38.0°C for 30-60 min in a humidified incubator using 5%±2% CO 2 with varying dilutions of test and reference preparations of etanercept in the presence of TNFα. They were then incubated with Caspase-Glo 3/7 reagent at room temperature for 30-60 min, which resulted in cleavage of a luminogenic substrate by caspase, subsequent release of a luciferase substrate, and generation of a luminescent signal. The luminescence produced was proportional to the amount of caspase activity present. Biologic activity of the sample was calculated based on the ratio of IC 50 values of calibration curve, relative to each control and test sample curve. Sample-specific activity results are reported as U/mg.
Neutralization of TNFα-mediated growth inhibition of A375 cells
The potency of etanercept was quantified by measurement of its ability to neutralize TNFα-mediated growth inhibition of cells from the human melanoma cell line A375.S2 by co-incubation with TNFα and varying concentrations of etanercept. Samples and control were diluted to 75 ng/mL and added to 96-well cell culture plates, where a further nine 1/1.5 serial dilutions were prepared. Reference standard diluted to 75 ng/mL was applied to the plate as a calibrator. A375.S2 cells were diluted to 4×10 5 cells/mL and added to the plate at 25 mL/well, followed by TNFα at ~5 ng/mL that is added to the plate at 25 mL/well. TNFα was not added to the positive control wells and etanercept was not added to the negative control wells. Following a 72-hour co-incubation at 37°C, nonviable cells were removed by washing with phosphatebuffered saline and the remaining cells were methanol-fixed, stained with 0.1% (w/v) crystal violet, washed again with water, and then solubilized with 2% (w/v) deoxycholate to release the stain into the solution. The intensity of the color produced was directly proportional to the activity of Enbrel  , allowing sample activities to be calculated relative to the standard calibration curve.
At the time of this analysis, the A375 cell-based assay was used for assessment of potency of etanercept 10 and 25 mg/vial Lyo DP, at the alternative storage condition of 25°C±2°C through to 24 months. The A375 assay has since been replaced by the U937 cell-based apoptosis bioassay.
Storage conditions
The storage conditions at which stability tests were performed on the various etanercept DP presentations are summarized in Table 2 . While the aim of the analysis was to establish whether the product profile of etanercept DP was maintained at an ambient temperature of 25°C, the samples were subjected to a 
Analysis
Statistical analysis was performed on the following quantitative stability-indicating parameters: HIC, SE-HPLC, SDS-PAGE (Coomassie). The stability data were statistically analyzed using linear regression to determine whether individual batches had the same nominal rate of change, as indicated by common slopes using analysis of covariance. A common slope model was fitted if the P value for the batch by timepoint interaction was >0.05 (5%). If the P value was <0.05 (5%), the batch with the greatest rate of change was used to describe the data (i.e., a separate slopes model was used) to assess compatibility with the proposed storage time.
Residual analysis was used to check the validity of the linear models. If curvature was observed in the residuals plotted against the predicted values, then nonlinear models were sought. Data analysis was performed using SAS JMP v.8.0.1.
(SAS Institute, Cary, NC, USA).
Results
Results and statistical analysis from stability testing across the etanercept DP presentations are described below.
Etanercept 10 and 25 mg/vial Lyo DP
Stability studies were initially performed on etanercept 10 mg/vial (n=3 batches) and 25 mg/vial Lyo DP (n=5 batches) at the alternative storage condition of 25°C±2°C through to 24 months and data for the quantitative stability-indicating assays (HIC, SE-HPLC, and SDS-PAGE Coomassie; Figure 1 ) were assessed by statistical methods. The rates of change of the etanercept 10 and 25 mg/vial Lyo DP based on these key quantitative stability-indicating assays over 1-month storage at 25°C±2°C are listed in Table 3 . All results are well within specification for up to 1 month at 25°C±2°C.
Based on the supportive stability results obtained for the etanercept Lyo DP at 25°C, a further phase of studies was initiated to support long-term storage of etanercept DP at refrigerated temperature, including ambient storage at the end of shelf life for up to 4 weeks out of the refrigerator.
Etanercept 10 mg/vial (n=3 batches) and 25 mg/vial Lyo DP material (n=2 batches) were stored at the long-term recommended storage condition of 5°C±3°C for 39 and 36 months, respectively, and were then transferred to 30°C±2°C for 4 weeks' study duration. There was no significant degradation observed, reflecting a satisfactory stability profile, and all data remained within specification for 4 weeks (Figure 2 ).
In conclusion, the data support a single period of storage for up to 1 month at the alternative storage condition, 25°C±2°C, within an expiry period of 36 months for etanercept 10 and 25 mg/vial Lyo DP. (The period for expiry of the 25 mg/vial Lyo DP was recently extended to 48 months, including the 1-month alternative storage, in some jurisdictions.) 12 
Etanercept 25 and 50 mg PFS DP
Assays were performed to monitor the stability of the etanercept 25 and 50 mg PFS DP presentations stored at the alternative storage condition of 25°C±2°C and at the accelerated storage condition of 30°C±2°C ( Table 2) .
The stability data for the quantitative stability-indicating assays (HIC, SE-HPLC, and SDS-PAGE Coomassie) for etanercept 25 mg (n=7) and 50 mg (n=7) PFS DP at 25°C±2°C through to 12 months were assessed by statistical methods. All results were within specification for 1 month at the alternative storage condition (25°C±2°C), as shown in Table 3 .
Based on the supportive stability results for the etanercept 25 and 50 mg PFS DP, studies were initiated to support long-term storage at refrigerated temperatures that included ambient storage at the end of shelf life for up to 4 weeks out of the refrigerator. Since the 50 mg PFP encloses a single etanercept 50 mg DP solution for injection in PFS, and the PFP components do not have any contact with the DP contained in the PFS or with the needle that is preattached to the syringe, the analysis performed on etanercept 50 mg DP PFS is considered applicable to the 50 mg PFP presentation. b Samples were stored for 39 months at 5°C±3°C prior to storage at 30°C±2°C. c Samples were stored for 36 months at 5°C±3°C prior to storage at 30°C±2°C. d Samples were stored for 30 or 36 months at 5°C±3°C prior to storage at 30°C±2°C. Abbreviations: EU, European Union; DP, drug product; Lyo, lyophilized powder; PFS, prefilled syringe; PFP prefilled pen.
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Shannon et al Figure 1 Stability data for the quantitative stability-indicating assays (A) HIC, (B) SE-HPLC, and (C) SDS-PAGE Coomassie for etanercept 10 mg/vial (n=3 batches) and 25 mg/vial Lyo DP (n=5 batches) at the alternative storage condition of 25°C±2°C through to 24 months. Abbreviations: HIC, hydrophobic interaction chromatography; SE-HPLC, size exclusion high-performance liquid chromatography; SDS-PAGE, sodium dodecyl sulfatepolyacrylamide gel electrophoresis; LMW, low molecular weight; HMW, high molecular weight; Lyo, lyophilized powder; DP, drug product. Etanercept 25 mg (n=6) and 50 mg (n=7) PFS DP were stored at the long-term recommended storage condition of 5°C±3°C for 30 or 36 months and then transferred to 30°C±2°C for the 4-week study duration. All data reflected a satisfactory stability profile and remained in specification throughout the 4-week study for all batches (Figure 3 ).
In conclusion, the data support a single period of storage for up to 1 month at the alternative storage condition, 25°C±2°C, within the approved expiry period of 30 months for etanercept 25 and 50 mg PFS DP.
Etanercept 50 mg PFP DP
The etanercept 50 mg PFP DP presentation is a springpowered injection system consisting of two subassemblies, front and rear, enclosing a single etanercept 50 mg solution for injection in PFS, the contents of which are delivered to the patient subcutaneously. The PFP subassemblies do not have any contact with the DP contained in the PFS or with the needle that is preattached to the syringe. The analysis performed on the etanercept 50 mg PFS DP is, therefore, considered applicable to the 50 mg PFP DP preparation.
The results of the stability study testing, indicating the period at which the various etanercept DP presentations remain within specification, are summarized in Table 2 . Additional tests were performed (Table 1 ; Figures S1-S3) , and the stability data and statistical analysis collectively support the alternative storage condition 25°C±2°C for up to 1 month.
Discussion
In recent years, there has been a considerable change in the management of patients with RA. Early and aggressive treatment, including the use of novel biologic agents, has been shown to lead to favorable patient outcomes in reducing synovial inflammation, delaying joint damage, and maintaining functional status. 13 Prompt treatment initiation and a tight control follow-up aimed at achieving low disease activity or remission are now regarded as the standard of care.
14 Such treatment strategies have been shown in clinical trials to lower the levels of disease activity and to improve psychologic well-being and physical functionality, and are now reflected in the classification criteria and recommendations for the utilization of conventional DMARDs and biologic agents in the treatment of RA. 1 There is evidence to suggest that initiation of treatments early in the disease course not only offers substantial improvements in functional ability and quality of life, 15 but also brings significant benefits in terms of productivity, due to reduced sick leave and lost employment, 16 and a decline in work disability. 17 Much of this progress in disease management and patient outcomes has been due to the availability of biologic DMARDs, such as etanercept. However, there has been a need for treatment options to evolve to meet the changing habits and expectations of patients. For instance, previously, many patients with RA may have experienced impaired ability to travel, but with improvements in functioning and quality of life, these restrictions are diminished; 18 therefore, flexible and convenient treatment options that are compatible with modern lifestyle, including working and traveling, are important aspects in helping patients maintain treatment and manage their disease.
Cold storage conditions are not fully compatible with many of the activities of modern lifestyle and many of these drawbacks could potentially be mitigated if stability of the product could be demonstrated at temperatures encountered under ambient conditions. Moreover, short storage limits contribute to product wastage due to routine discarding of unused diluted drug 19, 20 and inconvenience for patients; this too may be reduced if product stability were extended to out-of-refrigeration storage. 21 The development and availability of PFS and PFP presentations, to complement the vial presentation of etanercept DP, provided patients with greater self-administration options to manage their disease. However, offering an option of short-term storage at ambient conditions as an alternative to the originally marketed conditions of 5°C±3°C enhances overall patient convenience Since the 50 mg PFP encloses a single etanercept 50 mg DP solution for injection in PFS, and the PFP components do not have any contact with the DP contained in the PFS or with the needle that is preattached to the syringe, the analysis performed on the etanercept 50 mg DP PFS is considered applicable to the 50 mg PFP presentation. Abbreviations: DP, drug product; Lyo, lyophilized powder; PFS, prefilled syringe; HIC, hydrophobic interaction chromatography; SDS-PAGE, sodium dodecyl sulfatepolyacrylamide gel electrophoresis; LMW, low molecular weight; HMW, high molecular weight; SE-HPLC, size exclusion high-performance liquid chromatography; PFP, prefilled pen.
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Shannon et al Figure 2 Stability data for the quantitative stability-indicating assays (A) HIC, (B) SE-HPLC, and (C) SDS-PAGE Coomassie for etanercept 10 mg/vial (n=3 batches) and 25 mg/vial Lyo DP (n=2 batches) stored at 5°C±3°C for 30 and 36 months, respectively, followed by 4 weeks at 30°C±2°C (only the 4 weeks storage period at 30°C±2°C is shown). Abbreviations: HIC, hydrophobic interaction chromatography; SE-HPLC, size exclusion high-performance liquid chromatography; SDS-PAGE, sodium dodecyl sulfatepolyacrylamide gel electrophoresis; LMW, low molecular weight; HMW, high molecular weight; Lyo, lyophilized powder; DP, drug product. Abbreviations: HIC, hydrophobic interaction chromatography; PFS, prefilled syringe; SE-HPLC, size exclusion high-performance liquid chromatography; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; LMW, low molecular weight; HMW, high molecular weight; DP, drug product. 
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Shannon et al and provides greater flexibility, particularly while traveling, with etanercept. The International Conference on Harmonization Q5C specifies the type of stability studies to be provided in support of marketing authorization for biologic products. 11 These specific guidelines for biologics are necessary on account of both their higher level of structural complexity compared with small molecules, with maintenance of biologic activity often dependent on noncovalent interactions, and also the distinct pathways leading to their instability. To comply with these guidelines, a sequential approach was followed in line with regulatory requirements, to support an alternative short-term storage condition for etanercept at 25°C±2°C, to supplement the long-term storage.
Using SE-HPLC, HIC, and SDS-PAGE (Coomassie) as the key stability-indicating assays demonstrated a sufficiently broad and robust package of data to comply with the regulatory requirements, 22 to support a single period of storage for etanercept at an alternative storage condition of 25°C±2°C for up to 1 month within the approved expiry of the product. In particular, initial studies that showed only a minimal rate of change for the 25 mg/vial Lyo DP suggested that etanercept DP had the potential to be stored under conditions beyond the originally European Unionmarketed conditions of 5°C±3°C. More importantly, subsequent demonstration of the continued stability of etanercept 25 mg Lyo DP under the long-term recommended storage condition of 5°C±3°C for 36 months, including a period of 4 weeks under the accelerated condition of 30°C±2°C, reflected a satisfactory stability profile. This has the potential to provide greater flexibility for patients in managing their disease and in fulfilling their daily lives in terms of work, leisure, and travel. This alternative storage condition for etanercept thus represents further innovation in the product lifecycle and offers enhanced overall patient convenience.
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Supplementary materials
Figure S1 Stability data for the neutralization of TNFα-mediated growth inhibition in A375 cells for (A) etanercept 10 mg/vial (n=3 batches) and (B) 25 mg/vial Lyo DP (n=5 batches), and for the neutralization of TNFα-mediated apoptosis in U937 cells for (C) etanercept 25 mg/vial Lyo DP (n=3 batches), at the alternative storage condition of 25°C±2°C through to 24 months. At the time of analysis of the 18-month timepoint for the etanercept 25 mg/vial Lyo DP, the assay was transitioning from the A375 assay to the U937 apoptosis assay. Both assays were run on the same batches in an analytical method crossover exercise at the 18-and 24-month timepoints. Abbreviations: TNF, tumor necrosis factor; Lyo, lyophilized powder; DP, drug product. Figure S2 Stability data for the neutralization of TNFα-mediated apoptosis in U937 cells for (A) etanercept 10 mg/vial (n=3 batches) and (B) 25 mg/vial Lyo DP (n=2 batches), stored at 5°C±3°C for 30 and 36 months, respectively, followed by 4 weeks at 30°C±2°C (only the 4 weeks storage period at 30°C±2°C is shown). Abbreviations: TNF, tumor necrosis factor; Lyo, lyophilized powder; DP, drug product. Clinical Pharmacology: Advances and Applications is an international, peer-reviewed, open access journal publishing original research, reports, reviews and commentaries on all areas of drug experience in humans. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use.
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